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SUHVVXUHDQGDFSRZHULVQRQOLQHDUIRUIHUURPDJQHWLFPHWDOV7KHVROXWLRQKDVWREHIRXQGH[SHULPHQWDOO\DERXWWKH
VDJJLQJFRQYH[LW\RUFRQFDYLW\FXUYDWXUHRIWKHURRWVLGH7KHSDUDPHWHUVIRUWKHZHOGLQJWHVWVDUHOLVWHGLQ7DEOH

7KHZHOGLQJYHORFLW\ZDVPPLQ WRHQVXUHDIXOOSHQHWUDWLRQLQVLQJOHSDVV ODVHUEHDPZHOGLQJRIPP
WKLFNVWHHOSODWHVZLWKWKHJLYHQODVHUEHDPSRZHU$QRWKHUUHDVRQIRUWKHFKRVHQYHORFLW\LVWKHZLGHUFURVVVHFWLRQ
RIWKHZHOGSRRO7KLVLPSURYHVWKHSRVVLELOLW\RIWKHFRPSHQVDWLRQRIWKHERWKLUUHJXODULWLHVRIIVHWDQGWLOWLQJDW
ODVHUEHDPZHOGLQJ6WDUWLQJIURPDUHIHUHQFHFDVHZLWKRXWDQ\HOHFWURPDJQHWLFLQIOXHQFHWKHDSSOLHGDFSRZHUZDV
LQFUHDVHGVWHSZLVHZLWKLQWKHWHVWVHULHVNHHSLQJWKHIUHTXHQF\RQDFRQVWDQWOHYHO

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
)LJ([SHULPHQWDOVHWXSIRUWKHZHOGVZLWKWKH7UXPSIGLVNODVHU
7DEOH&KDUDFWHULVWLFSDUDPHWHUVRIWKHODVHUDQGRSWLFDOFRPSRQHQWVXVHGIRUZHOGLQJH[SHULPHQWV
 ,3*</5 7UXPSI7UX'LVN
0D[ODVHUEHDPSRZHU N: N:
:DYHOHQJWK QP QP
/DVHUILEHUGLDPHWHU P P
%HDPSDUDPHWHUSURGXFW PPîPUDG PPîPUDG
2SWLF %,02+3 3UHFLWHF<:
)RFDOOHQJWK PP PP
/DVHUVSRWGLDPHWHU PP PP

,QWKHH[SHULPHQWVZLWKGXSOH[VWHHODVKLHOGLQJJDVQR]]OHZDVXVHGZLWKDYROXPHIORZRIOPLQDUJRQ7KH
QR]]OHKDGDOHDGLQJRULHQWDWLRQDQGZDVSRVLWLRQHGZLWKDQLPSLQJHPHQWSRLQWLQDGYDQFHRIWKHODVHUEHDPKDYLQJ
DQDQJOHRIWRZDUGVWKHJURXQGRIWKHZRUNSLHFH$OOZHOGLQJWHVWVZLWKPLOGVWHHOZHUHSHUIRUPHGRQWKH,3*
ILEHU ODVHU PPGXSOH[ VWHHOZDVZHOGHG RQ WKH GLVN ODVHU DVZHOO DV RQ WKH ILEHU ODVHU 7KHPHDVXUHPHQW RI
VDJJLQJZDVGRQHZLWKFURVVVHFWLRQVWDNHQIURPWKHPLGGOHRIHDFKZHOG
7DEOH3DUDPHWHUVRIWKHZHOGLQJWHVWV
 'XSOH[VWHHO$,6, 0LOGVWHHO6-5
3ODWHWKLFNQHVV PP PP PP PP
/DVHUEHDPSRZHU N: N: N: N:
)RFXVOHQJWK PP PP PP PP

%HIRUHSHUIRUPLQJ WKHZHOGLQJH[SHULPHQWV LWKDG WREH LQYHVWLJDWHG LI WKH VNLQGHSWKRI WKHPDJQHWLF ILHOG LV
ODUJHHQRXJKWRJHQHUDWH/RUHQW]IRUFHVLQWKHGHSWKRIWKHZHOGSRRO7KHPDJQHWLFIOX[GHQVLW\FDQQRWEHPHDVXUHG
GLUHFWO\ GXULQJ WKH ZHOGLQJ SURFHVV GXH WR WKH KHDWLQJ RI WKH ODVHU EHDP 7KHUHIRUH D VHWXS ZDV GHYHORSHG WR
DVFHUWDLQWKHVNLQGHSWKH[SHULPHQWDOO\ZLWKD+DOOVHQVRUVHH)LJ,QWKHVHVRFDOOHGFROGWHVWVWKHFRQILJXUDWLRQ
FRUUHVSRQGV WR WKH H[SHULPHQWDO VHWXS 7RPHDVXUH WKH IOX[ GHQVLW\ WZR SODWHV RI WKHPDWHULDOZKLFK KDV WR EH
ZHOGHGZHUHWDNHQ)LJD7KH+DOOVHQVRUZDVXVHGLQDVPDOOJDSEHWZHHQWKHPWRPHDVXUHWKHPDJQHWLFIOX[
GHQVLW\LQYHUWLFDOGLUHFWLRQXQGHUFRQVWDQWIUHTXHQF\DQGDFSRZHURIWKHPDJQHWV\VWHP)LJE7KHVNLQGHSWK
FDQEHIRXQGDWWKHYDOXHZKHUHWKHPDJQHWLFIOX[GHQVLW\KDVGHFUHDVHGE\DIDFWRURIǨ7KLVJLYHVDVNLQGHSWK
RIPPDWf +]IRUGXSOH[VWHHO$,6,VHH)LJ+HQFHWKHXVDJHRIWKHHOHFWURPDJQHWLFVXSSRUWXVHG
IRUQRQIHUURPDJQHWLFPHWDOVVHHPVWREHEDVLFDOO\SRVVLEOH

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
)LJ&ROGWHVWVHWXSIRUWKHGHWHUPLQDWLRQRIWKHVNLQGHSWKD&RPSOHWHH[SHULPHQWDOVHWXSE([SHULPHQWDOVHWXSZLWKYLHZWRWKH
ORFDWLRQRIWKH+DOOVHQVRU

)LJ5HVXOWVRIWKHFROGWHVWPHDVXUHPHQWVIRUWKHFRQILJXUDWLRQZLWKGXSOH[VWHHO$,6,ZLWKDQDFSRZHURI:DQGB 7
5HVXOWVDQG'LVFXVVLRQ
7KH TXDOLWDWLYH FODVVLILFDWLRQ RI ODVHU EHDP ZHOGHG VWHHOV LV UHJXODWHG LQ ',1 (1 ,62 
&RQVLGHULQJWKHQRUPWKHDOORZHGURRWFXUYDWXUHLQYDOXDWLRQJURXS%IRUPPWKLFNSODWHVLVOHVVWKDQPP
IRU PP PP:LWKLQ WKH WHVW VHULHV ZLWK GXSOH[ VWHHO WKH IUHTXHQF\ ZDV FRQVWDQWO\ DW DSSUR[LPDWHO\
N+])LJXUHVDQGVKRZWKHZHOGLQJUHVXOWVRIPPWKLFNGXSOH[VWHHO$,6,ZLWKWKH,3*ILEHUODVHU
DQG 7UXPSI GLVN ODVHU %DVHG RQ WKH UHIHUHQFH ZHOGV ZLWK DQ LUUHJXODU VDJJLQJ WKH K\GURVWDWLF SUHVVXUH ZDV
FRPSHQVDWHWGVWHSZLVHZLWKLQFUHDVLQJDFSRZHU$OUHDG\DWDURXQG:WKHZHOGVFDQEHUDQNHGLQJURXS%RI
WKHQRUP7KHUDQJHIRUDQLGHDOFRPSHQVDWLRQLVEHWZHHQN:DQGN:$QDSSOLHGDFSRZHURIN:DQG
PRUH OHDGV WR DQ RYHUFRPSHQVDWLRQ RQ WKH URRW VLGH 7KLV HIIHFW LV OLPLWHG E\ WKH VNLQ GHSWK RI WKH RVFLOODWLQJ
PDJQHWLF ILHOG7KHGLIIHUHQW XWLOL]HG ODVHURSWLFVJHQHUDWHGLVVLPLODUZHOGSRRO VKDSHV)RU WKLV UHDVRQ WKH ]RQHV
DERYH WKH &XULH WHPSHUDWXUH KDYH D GLIIHUHQW VL]H DQG GHYLDWLRQV RI WKH HIIHFWLYH DFSRZHU ZHUH H[SHFWHG
1HYHUWKHOHVVWKHUHVXOWVRIERWKXVHGODVHURSWLFVKDYHDJRRGPDWFKWRHDFKRWKHU$IWHUZDUGVWHVWVZHUHSHUIRUPHG
ZLWKPPWKLFNSODWHVRI$,6,VHH)LJ$QDOPRVWIXOOFRPSHQVDWLRQLVGHPRQVWUDWHGIRUDQDFSRZHURI
DSSUR[LPDWHO\N:7KHYDOXHVRIWKHVDJJLQJDUHDURXQGPPLQWKLVFDVH$OOPHDVXUHGYDOXHVRIWKHVDJJLQJ
DUHOLVWHGLQ)LJ

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
)LJ'HYHORSPHQWRIWKHURRWFXUYDWXUHZLWKLQFUHDVLQJDFSRZHUDWPPGXSOH[VWHHO$,6,ZLWK,3*ILEHUODVHUZLWKFRQVWDQW
IUHTXHQF\+]OHIWUHIHUHQFHZHOGZLWKRXWPDJQHWLFVXSSRUW

)LJ'HYHORSPHQWRIWKHURRWFXUYDWXUHZLWKLQFUHDVLQJDFSRZHUDWPPGXSOH[VWHHO$,6,ZLWK7UXPSIGLVNODVHUZLWKFRQVWDQW
IUHTXHQF\+]OHIWUHIHUHQFHZHOG

)LJ5HSHDWDWWHPSWVZLWKWKH7UXPSIGLVNODVHUZLWKFRQVWDQWIUHTXHQF\+]DQGDFSRZHUN:DWPPGXSOH[VWHHO$,6,
/DVHUEHDPSRZHUN:IRFXVOHQJWKPPDQGZHOGLQJYHORFLW\PPLQZHUHLGHQWLFDOZLWKLQWKHVHH[SHULPHQWV
1RWHWKHH[SHULPHQWVZLWKGXSOH[VWHHODUHDQLQWHUPHGLDWHVWHS'XHWRWKHPXFKKLJKHUUHODWLYHSHUPHDELOLWLHV
D VXFFHVIXOO DSSOLFDWLRQRI WKHHOHFWURPDJQHWLFZHOGSRRO VXSSRUWDWPLOGVWHHO LVPRUHFKDOOHQJLQJ%DVHGRQ WKH
UHIHUHQFHZHOG)LJD WKHFRPSHQVDWLRQRI WKHK\GURVWDWLFSUHVVXUHFDQDOVREHVKRZQIRUPPWKLFNPLOG
VWHHO6-5ZLWKGLIIHUHQWIUHTXHQFLHVVHH)LJXUHV7KHUHIHUHQFHZHOGVKRZVLUUHJXODUVDJJLQJPP
:LWKDIUHTXHQF\RI+]LWLVSRVVLEOHWRJHWDQLGHDOFRPSHQVDWLRQDWN:DFSRZHU)LJ$OUHDG\DWN:
DFSRZHUWKHVDJJLQJRI WKHZHOGLVPPDQGFDQEHUDQNHGLQYDOXDWLRQJURXS%RI WKHQRUP$QDSSOLHGDF
SRZHURIDURXQGN:OHDGVDOVRWRDFODVVLILFDWLRQLQJURXS%IRUIUHTXHQFLHVRIN+])LJDDQGN+]
)LJD$QDOPRVWLGHDOSUHVVXUHFRPSHQVDWLRQWDNHVSODFHEHWZHHQN:DWN+]DQGN:DW+]DF
SRZHU&RQVLGHULQJWKHZHOGVZLWKDIUHTXHQF\RIN+]DIXUWKHULQFUHDVHRIWKHDFSRZHUWRN:GRHVQRW
VKRZ DQ DSSUHFLDEOH HIIHFW VHH )LJ  8VLQJ DQ DFSRZHU RI  N: DW  N+] RU N: DW +] WKH
SHQHWUDWLRQGHSWK RI WKH ODVHU SURFHVV LV OLPLWHG7KHZHOG SRRO VXSSRUW VHHPV WR LQIOXHQFH WKH NH\KROH VWDELOLW\
UHVXOWLQJLQDFROODSVHRIWKHNH\KROHFORVHWRWKHURRW,WFDQDOVREHREVHUYHGWKDWWKHQHHGHGDFSRZHUIRUDIXOO
FRPSHQVDWLRQGRHVQRWGHFUHDVHZLWKORZHUIUHTXHQFLHV7KHUHLVDFHUWDLQWKUHVKROGVLQFHN:DUHQHHGHGDW
+]DQGN:IRUN+]

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
)LJ'HYHORSPHQWRIWKHURRWFXUYDWXUHZLWKLQFUHDVLQJDFSRZHUDWPPPLOGVWHHO6-5ZLWK,3*ILEHUODVHUZLWKFRQVWDQWIUHTXHQF\
+]OHIWUHIHUHQFHZHOG

)LJ'HYHORSPHQWRIWKHURRWFXUYDWXUHZLWKLQFUHDVLQJDFSRZHUDWPPPLOGVWHHO6-5ZLWK,3*ILEHUODVHUZLWKFRQVWDQWIUHTXHQF\
+]UHIHUHQFHZHOGLVJLYHQLQ)LJD

)LJ'HYHORSPHQWRIWKHURRWFXUYDWXUHZLWKLQFUHDVLQJDFSRZHUDWPPPLOGVWHHO6-5ZLWK,3*ILEHUODVHUZLWKFRQVWDQWIUHTXHQF\
+]UHIHUHQFHZHOGLVJLYHQLQ)LJD
$IWHU WKH VXFFHVVIXOO GHPRQVWUDWLRQ RI WKH HOHFWURPDJQHWLF ZHOG SRRO VXSSRUW WKH ZHOGLQJ H[SHULPHQWV ZHUH
H[WHQGHGWRXSWRPPWKLFNPLOGVWHHO7KHUHVXOWVRIWKLVLQYHVWLJDWLRQFDQEHVHHQLQ)LJ7KHUHIHUHQFHZHOG
ZLWKD ODVHUEHDPSRZHURI DOPRVWN:DQGDZHOGLQJYHORFLW\ RIPPLQVKRZVDQ LUUHJXODU VDJJLQJDQG
GURSRXWRI WKHPHOW8VLQJWKHHOHFWURPDJQHWLFZHOGSRROVXSSRUW WKHZHOGVFDQDOVREHFODVVLILHG LQWRYDOXDWLRQ
JURXS%VHH)LJ7KHDSSOLHGIUHTXHQF\RIWKHRVFLOODWLQJPDJQHWLFILHOGZDV+]7KHQHHGHGDFSRZHUIRUD
IXOO FRPSHQVDWLRQZLWKN:ZDV ORZHU WKDQ LQ WKH WHVWVZLWKPP6-5$W WKH DFSRZHURIN: DQ
RYHUFRPSHQVDWLRQZDVQRWLFHG(YLGHQWO\WKHJHQHUDWHG/RUHQW]IRUFHVQH[WWRWKHZHOGSRROZKLFKDUHH[SHFWHGWR
EHPXFKKLJKHU GXH WR WKH KLJKHU YDOXHV RIμU DFW EH\RQG WKHZHOG SRRO2Q WKH RQH KDQG WKHUH VHHPV WR EH D
UHLQIRUFHPHQWRIWKHHIIHFWLYH/RUHQW]IRUFHVLQWKHZHOGSRROWKURXJKQHLJKERULQJFROG]RQHVZLWKDKLJKHUUHODWLYH
SHUPHDELOLW\2QWKHRWKHUKDQGWKHUHDUHK\VWHUHULVORVVHVZLWKLQFUHDVLQJRVFLOODWLRQIUHTXHQF\UHGXFLQJWKHHIIHFW
RIWKHZHOGSRROVXSSRUW'XHWRWKLVWKHRSWLPDOSDUDPHWHUVIRUDQLGHDOFRPSHQVDWLRQKDYHWREHGHWHUPLQHGILUVW
LQDQH[SHULPHQWDOZD\
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

)LJ'HYHORSPHQWRIWKHURRWFXUYDWXUHZLWKLQFUHDVLQJDFSRZHUDWPPPLOGVWHHO6-5ZLWK,3*ILEHUODVHUZLWKFRQVWDQWIUHTXHQF\
+]D5HIHUHQFHZHOGE,GHDOFRPSHQVDWLRQF2YHUFRPSHQVDWLRQ

)LJ0HDVXUHGYDOXHVRIWKHVDJJLQJLQGHSHQGHQFHRIWKHDSSOLHGDFSRZHU
6XPPDU\
7KHSDSHUGHVFULEHV DQ H[SHULPHQWDO LQYHVWLJDWLRQRIKLJKSRZHU ODVHU EHDPZHOGLQJZLWK DQ HOHFWURPDJQHWLF
ZHOGSRRO VXSSRUW IRUXS WRPP WKLFNSODWHVPDGHRIGXSOH[ VWHHO $,6, DQGPLOG VWHHO 6-57KH
UHVXOWV RI WKH ZHOGLQJ WHVWV VKRZ D VXFFHVVIXO DSSOLFDWLRQ RI WKLV WHFKQRORJ\ DW IHUURPDJQHWLF PHWDOV ,UUHJXODU
VDJJLQJZDVVXSSUHVVHGVXFFHVVIXOO\$QDFSRZHURIOHVVWKDQN:DWRVFLOODWLRQIUHTXHQFLHVEHWZHHQ+]DQG
 N+] LV QHFHVVDU\ IRU D IXOO FRPSDVDWLRQ RI WKH K\GURVWDWLF SUHVVXUH 7KXV LW ZDV GHPRQVWUDWHG WKDW WKH
HOHFWURPDJQHWLFZHOGSRROVXSSRUWLVQRWRQO\OLPLWHGWRQRQIHUURPDJQHWLFPHWDOVOLNHDXVWHQLWLFVWHHOV)RUIXWXUH
VWXGLHVZLWKGXSOH[VWHHOWKHXVHRIILOOHUPDWHULDOKDVWRWDNHLQWRDFFRXQWZLWKUHJDUGWRWKHEDODQFHRIWKHPL[HG
DXVWHQLWLFDQGIHUULWLFSKDVHV
$FNQRZOHGJHPHQWV
7KLVZRUNLVVXSSRUWHGE\WKH')*'HXWVFKH)RUVFKXQJVJHPHLQVFKDIW%RQQ*HUPDQ\XQGHU*UDQW1R')*
*8
5HIHUHQFHV
$XH + 7KDOH: 3HGHUVHQ $ (0RH 6  &DSDELOLWLHV RI0)/ ,QVSHFWLRQ LQ '83/(; 6WHHO 3LSHOLQHV WK 3LSHOLQH 7HFKQRORJ\
&RQIHUHQFH+DQQRYHU*HUPDQ\
$YLORY9%HUJHU3$PEURV\*(OHFWURPDJQWLF0HOW6XSSRUW6\VWHPIRU2YHUKHDG3RVLWLRQ/DVHUDQG(OHFWURQ%HDP:HOGLQJRI
7KLFN0HWDO3ODWHV,Q3URFHHGLQJVRIWKHWK,QWHUQDWLRQDO&RQIHUHQFHRQ(OHFWURPDJQHWLF3URFHVVLQJRI0DWHULDOV6HQGDL-DSDQ
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$YLORY9*XPHQ\XN$/DPPHUV05HWKPHLHU03$SRVLWLRQIXOOSHQHWUDWLRQKLJKSRZHU ODVHUEHDPZHOGLQJRIXS WRPP
WKLFN$O0JSODWHVXVLQJHOHFWURPDJQHWLFZHOGSRROVXSSRUW,Q6FL7HFKQRO:HOG-RL
$YLORY9)ULW]VFKH$%DFKPDQQ0*XPHQ\XN$5HWKPHLHU0)XOOSHQHWUDWLRQODVHUEHDPZHOGLQJRIWKLFNGXSOH[VWHHOSODWHV
ZLWKHOHFWURPDJQHWLFZHOGSRROVXSSRUW,Q-/DVHU$SSO
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